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We established a hybrid baculovirus-T7 RNA polymerase system for transient expression in mammalian cells. Two
recombinant baculoviruses carrying cDNA of bacteriophage T7 RNA polymerase, with or without a nuclear localization
signal, under the control of a mammalian promoter were constructed. High level expression of T7 RNA polymerase was
observed in various mammalian cell lines after infection with the recombinant baculoviruses. After transfection of plasmids
containing the luciferase gene under the control of the T7 promoter, high luciferase activity was detected in cells infected
with the recombinant baculoviruses. We also constructed a plasmid containing an entire cDNA clone of type 1 poliovirus
under the T7 promoter. Two days after transfection of the plasmid into the cells infected with the recombinant baculoviruses,
a high titer of poliovirus was recovered. The use of the recombinant baculoviruses did not cause any cytopathic effects
even at a high multiplicity of infection. The lack of replication ability and low toxicity are the advantageous features of the
hybrid baculovirus –T7 polymerase system in comparison with the widely used vaccinia– T7 polymerase system for gene
expression and recovery of infectious viruses from its cDNA. q 1997 Academic Press
INTRODUCTION assays based on the introduction of plasmids containing
foreign genes downstream of an appropriate baculovirus
Recombinant DNA technology has led to the develop- promoter into baculovirus-infected cells have been devel-
ment of molecular cloning vectors that allow expression oped (Kopylova-Sviridova et al., 1992; Passareilli and
of foreign genes in prokaryotic and eukaryotic cells. Vari- Miller, 1993). Recombinant baculovirus synthesizing T7
ous expression systems derived from prokaryotic and RNA polymerase for the transient expression of reporter
eukaryotic cells are available today. Bacterial expression genes in insect cells provides an attractive alteration
systems are highly productive and easy to use but are for rapid screening and analysis (Poelwijk et al., 1995;
less efficient in posttranslational modifications than in Polkinghorne and Roy, 1995). Recently, it was shown
mammalian cells. Alternatively, in mammalian expres- that AcNPV can infect human hepatocytes and a reporter
sion system, although eukaryotic protein can be pro- gene is efficiently expressed from mammalian promoters
cessed properly, expression level is relatively low. Devel- (Hofmann et al., 1995; Boyce and Bucher, 1996).
opment of an expression system that utilizes prokaryotic The VacT7 system has succeeded in recovering infec-
transcriptional elements in mammalian cells offered a tious viruses from cDNA clones of negative strand RNA
highly specific and efficient method for the synthesis of
viruses such as rabies virus (Schnell et al., 1994), vesicu-
eukaryotic protein. Similarly, eukaryotic transient expres-
lar stomatitis virus (Lawson et al., 1995; Whelan et al.,
sion system based on recombinant vaccinia virus synthe-
1995), and Sendai virus (Garcin et al., 1995). Racaniello
sizing T7 RNA polymerase (VacT7) has been widely used
and Baltimore (1981) were the first to report on the recov-
(Fuerst et al., 1986) with some modifications to improve
ery of infectious poliovirus from cDNA. Efficient in vitroits versatility (Moss et al., 1990; Wyatt et al., 1995).
system to synthesize infectious poliovirus RNA by T7 andThe baculovirus expression system also provides a
SP6 RNA polymerase was then reported (Kaplan et al.,method for production of recombinant protein in a eu-
1985; Van der Werf et al., 1986).karyotic environment (Luckow and Summers, 1988; O’Re-
The T7 RNA polymerase has extremely strict specifici-ily et al., 1992). The baculovirus Autographa californica
ties for promoter and terminator and a high transcriptasenuclear polyhedrosis virus (AcNPV) has been used for
activity. We made use of these advantages of the T7high level expression of eukaryotic proteins in insect
RNA polymerase by combining its gene with that of thecells (Smith et al., 1983; Pennock et al., 1984). Transient
baculovirus for the study of gene expression and recov-
ery of an infectious poliovirus from cDNA. In this study,
a transient expression system in mammalian cells based1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 81-3-5285-1161. E-mail: ymatsu@nih.go.jp. on recombinant baculovirus synthesizing T7 RNA poly-
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merase under control of the CAG promoter was estab- combination, as described previously (Matsuura et al.,
1987). After transfection of AcNPV DNA together withlished. High level reporter gene expression was detected
in various mammalian cell lines after transfection of plas- transfer vector, pAcCAT7 or pAcCAT7NLS, into Sf9 cells,
recombinant baculoviruses AcCAT7 and AcCAT7NLSmids regulated by the T7 promoter. By transfecting a
plasmid containing an entire sequence of poliovirus were obtained. As a control, AcCAG was constructed by
cotransfection of viral DNA with pAcCAG. Various mam-cDNA under the T7 promoter into HeLa cells preinfected
with the recombinant baculovirus, high titers of infectious malian cell lines were used in this study, including hu-
man cell lines (HepG2, Huh7, and HeLa cells), a monkeypoliovirus were recovered.
kidney cell line (COS7), and porcine kidney cell line
(CPK). These cells were grown in Dulbecco’s modifiedMATERIALS AND METHODS
Eagle’s medium (DMEM) (GIBCO) containing 2 mmol of
Bacteria, plasmids, and cloning procedures L-glutamine, penicillin (50 IU/ml), streptomycin (50 mg/
ml), and 10% fetal bovine serum. HepG2 was purchasedEscherichia coli strain DH5a was used for selection
from Dainippon Pharmaceutical Co., Ltd. (Osaka). Huh7and propagation of recombinant plasmids. A 2.8-kbp
was a kind gift from the Japanese Cancer Research Re-fragment containing the gene encoding T7 RNA polymer-
source Bank (JCRB)-Cell (Tokyo). CPK (Komaniwa et al.,ase was obtained by digestion with BamHI from pAR1173
1981) was kindly provided by Dr. A. Fukusho (National(Davanloo et al., 1984) and ligated into the BamHI site
Institute of Animal Health, Tokyo, Japan).of the transfer vector for the recombinant baculovirus,
pAcCAG (Shoji et al., submitted), resulting in pAcCAT7
Expression of T7 RNA polymerase in mammalian(Fig. 1). The T7 RNA polymerase gene linked to 18 amino
cellsacids of the SV40 T antigen nuclear localization signal
was excised from pAR3132 (Dunn et al., 1988) by HindIII HepG2, Huh7, HeLa, COS7, and CPK cells were in-
and filled in with a Klenow fragment of DNA polymerase. fected with AcCAT7 or AcCAT7NLS at a multiplicity of
After ligated to the BclI linker, followed by digestions with infection (m.o.i.) of 100 and harvested after 48 hr postin-
BclI and BamHI, the BamHI– BclI fragment was subse- fection. Expression of T7 RNA polymerase was analyzed
quently cloned into the BamHI site of pAcCAG vector by Western blotting. Cell extracts were separated by so-
yielding pAcCAT7NLS (Fig. 1). A fragment containing T7 dium dodecyl sulfate polyacrylamide gel electrophoresis
promoter was excised from pBluescriptII SK (Stratagene, (SDS– PAGE) and proteins were blotted onto a polyvinyli-
La Jolla, CA) by NaeI and EcoRI and ligated into the same dene difluoride membrane (Millipore, Tokyo, Japan). Anti-
restriction site of pX8dT (Schnell et al., 1994) containing T7 polymerase rabbit polyclonal antibody (kindly pro-
hepatitis D virus (HDV) ribozyme and T7 terminator. The vided by Dr. F. W. Studier) was used as first antibody
0.4-kbp fragment containing T7 promoter, HDV ribozyme, in a 250-fold dilution. T7 RNA polymerase protein was
and T7 terminator was cleaved out by BssHII, blunted, detected by using the alkaline phosphatase assay kit
and digested with XbaI. pVL1392T7 was constructed by (Bio-Rad, Hercules, CA).
inserting the 0.4-kbp of the blunt-XbaI fragment into the
EcoRV and XbaI sites of pVL1392 (Invitrogen, San Diego, In vitro polymerase assay
CA). pVS(1)IC-O(T) (Kohara et al., 1986) containing a full-
Cells in monolayer prepared in a 24-well plate werelength cDNA of Sabin strain of type 1 poliovirus was
infected with AcCAT7 or AcCAT7NLS at a m.o.i. of 100.digested with EcoRI and inserted in the EcoRI site of
After 24 hr infection, cells were washed three times withpVL1392T7 yielding pT7polio. Construction of plasmids
phosphate-buffered saline (PBS), suspended in 20 ml ofpT7Luc containing the luciferase gene under the T7 pro-
PBS, and sonicated for 5 min with 30-sec intervals. Cellmoter and pT7EMCLuc containing encephalomyocarditis
lysates obtained were used for in vitro polymerase assay.virus (EMCV) 5* untranslated region (5*UTR) and the lucif-
In vitro transcription reaction was carried out accordingerase gene under the T7 promoter will be described in
to the instruction manual of Megascript (Ambion, Austin,detail elsewhere (Aoki et al., manuscript in preparation).
TX). Briefly, the transcription reaction was done at 377All plasmids were prepared according to the QIAGEN
for 3 hr in total 20 ml reaction solution containing 1 mgplasmid preparation kit (Qiagen Gmbh, Hilden, Germany).
DNA template (Triplescript Xef, Ambion), 2 ml of the ly-
sates, 2 ml of transcription buffer and 0.15 mM of eachCells and viruses
ATP, CTP, GTP, UTP, and labeled 3H-UTP (Daiichi Ka-
gaku, Tokyo). Fifty units of enzyme mix containing purifiedAcNPV and recombinant baculoviruses were grown
and assayed in Spodoptera frugiperda (Sf)9 cells cultured T7 RNA polymerase (Promega, Madison, WI) and 2 ml
of lysates of uninfected cell were used as positive andin TC100 medium (GIBCO Laboratories, Grand Island,
NY) supplemented with 0.26% bactotryptose broth (Difco, negative controls, respectively. After 3 hr incubation, 8 ml
of reaction solutions was spotted on a filtermat (Wallac,Detroit, MI), 100 mg of kanamycin per ml, and 10% fetal
bovine serum (JRH Biosciences, Lenexa, KS). Recombi- Turku, Finland) and dried completely at 807 oven, fol-
lowed by three washes with 21 standard saline citratenant baculoviruses were generated by homologous re-
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(0.3 M sodium chloride and 0.03 M sodium citrate) and were further incubated for 60 min at 377 with fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit IgGtwice with 95% ethanol. After drying, a Meltilex (Wallac)
sheet was laid directly on the ready dried filtermat and (TAGO, Burlingame, CA) diluted to 1:100 in PBS. Observa-
tion was made by using fluorescence microscopy (Nikonmelted at 807 for 5 min. Subsequently the filtermat with
meltilex was removed from the oven, allowed to solidify UFX-II, Japan).
at room temperature, and finally subjected to microbeta
Recovery of polioviruscounter (1450 Microbeta Plus, Wallac) for determination
of radioactivity. HeLa cells were infected with AcCAT7 or AcCAT7NLS
at a m.o.i. of 100. Linearized or closed circular form ofIsolation of nuclei
pT7polio was then transfected into the cells using Lipo-
HepG2 cells were infected with AcCAT7 or Ac- fectamine (GIBCO BRL) at 24 hr postinfection. pT7polio
CAT7NLS and nuclei was purified by a standard method was linearized by digesting at the unique NaeI site within
(Werner et al., 1984) at 24 hr postinfection. Briefly, har- the transfer vector. Supernatants of the transfected cells
vested cells were swollen in 2 mM EDTA, followed by were collected at 24-hr intervals. Twenty microliters of
treatment in a Dounce homogenizer (15 – 20 strokes). the collected supernatants was inoculated into HeLa
After washing the nuclei with an isolation buffer (0.22 M cells to propagate poliovirus generated from the cDNA
sucrose, 9.4 mM KH2PO4, 12.5 mM Na2HPO4 , 2 mM clone. After 2 days, poliovirus protein was detected by
EDTA, 0.3 mM NaHCO3, 10 mM MgCl2 , 1 mM b-mercap- Western blotting using polyclonal antibody against type
toethanol, pH 7.0), the nuclei were collected by centrifu- 1 poliovirus Sabin strain. The remainder of the collected
gation at 3000 rpm. The pellet was then suspended in supernatant was kept for the use of plaque assay.
buffered 0.22 M sucrose and mixed with 8.7 vol of su-
Plaque assay of polioviruscrose solution (1.9 M) containing 2 mM EDTA. Each 10-
ml aliquot of this suspension was underlayered with 23
One million HeLa cells in a 6-well plate were infected
ml of 1.9 M sucrose solution and centrifuged at 22,000
with serially diluted supernatants collected from the
rpm, 47 for 1 hr. Purified nuclei were washed with PBS
transfected cells. After 1 hr of adsorption, the inoculum
three times. Immediately after the isolation, extracts of
was removed completely and cells were washed with
106 nuclei were applied to an in vitro transcription reac-
PBS and overlayed with 2 ml of first overlay medium
tion as described above.
containing 1% bactoagar (GIBCO BRL), penicillin (50 IU/
ml), streptomycin (50 mg/ml), and 2% fetal bovine serumTransient expression of reporter genes
in Eagle’s minimum essential medium (MEM) (Nissui
Monolayer cells in a 24-well plate were infected with Pharmaceutical, Tokyo, Japan). After 3 days of incubation,
AcCAT7 or AcCAT7NLS at a m.o.i. of 100. After 24 hr, 1 cells were further overlayed with 1 ml of second overlay
mg each of pAcT7Luc or pAcT7EMCLuc was transfected medium containing first overlay medium with penicillin
by Lipofectamine (GIBCO BRL, Life Technologies, Gaith- and streptomycin substituted for 0.002% neutral red.
ersburg, MD). Luciferase activity was determined by us- Plaque was counted after 24 hr of incubation.
ing the Pica Gene luciferase assay kit (Toyo Ink, Tokyo,
Japan). Cells were harvested at 24 hr posttransfection, RESULTS
washed with PBS twice, and lysed with 100 ml of the cell
Expression of T7 RNA polymeraselysis buffer LUC/PGC-50 (Toyo Ink). For luciferase assay,
20 ml of cleared cell lysate was incubated with 100 ml of Two recombinant baculoviruses carrying the cDNA of
a reaction mixture containing 137 mM NaCl, 2.7 mM KCl, T7 RNA polymerase with (AcCAT7NLS) and without (Ac-
4.3 mM Na2HPO4 , 1.4 mM KH2PO4, 20 mM Tricine, 1.07 CAT7) nuclear localization signal in its N-terminus under
mM (MgCO3)4Mg(OH)2r5H2O, 2.67 mM MgSO4 , 0.1 mM the CAG promoter were constructed (Fig. 1). Five types
EDTA, 33.3 mM DTT, 270 mM Coenzyme A, 470 mM lucif- of cell lines were infected with these recombinant bacu-
erin, and 530 mM ATP. Relative light units (RLU) were loviruses and the expression of T7 RNA polymerase in
measured by a luminometer (Berthold, Wildbad, Ger- each cell line was determined by Western blot analysis.
many). At 24 hr postinfection, a 98-kDa band corresponding with
the size of T7 RNA polymerase protein was observed in
Immunofluorescence analysis
all the cell lines examined (Fig. 2A). No expression of
the polymerase was observed in uninfected cells or cellsAfter being washed with PBS, cells infected with Ac-
CAT7 and further transfected with pAcT7EMCLuc were infected with the control virus, AcCAG bearing only the
CAG promoter. In view of the expression levels, infectionfixed with acetone for 10 min at 0207. Fixed cells were
incubated for 60 min at 377 with rabbit polyclonal antibod- of AcCAT7 or AcCAT7NLS into HepG2 and CPK cells
resulted in higher level expression of the T7 RNA poly-ies raised against T7-polymerase or luciferase (East
Acres Biologicals, Southbridge, MA) diluted to 1:250 and merase than in Huh7, HeLa, and COS7 cells. Immunoflu-
orescence analysis also demonstrated that more than1:100, respectively. After washing with PBS, the cells
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Localization of T7 RNA polymerase possessing NLS
in mammalian cells
In order to verify the nuclear localization of T7 RNA
polymerase in cells infected with AcCAT7NLS, nuclei of
infected cells were isolated and examined by in vitro
transcription. High activity of T7 RNA polymerase was
detected in nuclear extracts of HepG2 cells infected with
AcCAT7NLS (Fig. 4). In contrast, nuclei from cells in-
fected with AcCAT7 exhibited very low activity which was
almost similar value with uninfected cells.
Transient expression of a reporter gene
FIG. 1. Construction of transfer vectors. pAcCAT7 was constructed As to determine whether mammalian cells infected
by insertion of T7 gene excised from pAR1173 (Davanloo et al., 1984) with the T7 recombinant baculoviruses could express a
and cloned into the BamHI site of transfer vector pAcCAG. pAc-
foreign gene by transfection of a plasmid carrying theCAT7NLS was obtained by insertion of T7 gene containing nuclear
cDNA under the T7 promoter, the firefly luciferase genelocalization signal derived from pAR3132 (Dunn et al., 1988) into
pAcCAG. was used as a reporter. As reported previously, the
mRNAs transcribed from T7 RNA polymerase are mostly
uncapped and resulted in low level translation (Elroy-
90% of HepG2 cells infected with AcCAT7 expressed T7 Stein et al., 1989). To examine the translational property
RNA polymerase (Fig. 3A). of mRNA transcribed by T7 polymerase in mammalian
In vitro transcription experiments were carried out to cells, two plasmids, pT7Luc and pT7EMCLuc were con-
confirm the activity of T7 RNA polymerase expressed in structed. Each contained the T7 promoter, the luciferase
mammalian cells infected with the recombinants. Results gene, and the T7 terminator, but pT7EMCLuc contained
of in vitro transcription demonstrated that activity of T7 an IRES sequence of EMCV under the T7 promoter. Lucif-
RNA polymerase was detected in all the cell lysates (Fig. erase activity was determined at 24 hr after transfection
2B). Infection of AcCAT7 into HepG2 at a m.o.i. of 100 of each plasmid into cells which were infected with Ac-
gave rise to the highest activity of T7 polymerase, approx- CAT7 or AcCAT7NLS. As shown in Figs. 5A and 5B, trans-
imately 2- to 10-fold higher than those of other cells. No fection of pT7EMCLuc resulted in high levels of lucifer-
activity was detected in either cell lysates from unin- ase activity in all the cell lines preinfected with either
fected cells or cells infected with AcCAG. In general, T7 AcCAT7 or AcCAT7NLS. In contrast, when pT7Luc was
RNA polymerase expressed in cells infected with Ac- transfected into cells, only traces of luciferase expres-
sion could be detected in HeLa and COS7 cells prein-CAT7NLS exhibited a higher activity than that of AcCAT7.
FIG. 2. Expression of T7 RNA polymerase in cells infected with AcCAT7 or AcCAT7NLS. (A) Western blot analysis of the cells infected with
AcCAT7 or AcCAT7NLS. Cells were harvested at 48 hr postinfection, subjected to 10% SDS – PAGE, and immunostained with polyclonal rabbit anti-
T7 RNA polymerase antibody. Lane 1, uninfected cells; lane 2, cells infected with AcCAT7NLS; lane 3, cells infected with AcCAT7; lane 4, cells
infected with AcCAG. (B) T7 RNA polymerase activity in the cells infected with AcCAT7 or AcCAT7NLS. Cells were harvested 48 hr after infection
and polymerase activity was measured as described under Materials and Methods. AcCAG was used as a negative control. Values are expressed
as units of T7 RNA polymerase activity per 11 105 cells by use of a commercial T7 RNA polymerase as standard. The result shown are representative
of three independent experiments.
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FIG. 3. Immunofluorescence detection of T7 RNA polymerase and luciferase expression in HepG2 cells. HepG2 cells were fixed and incubated
with anti-T7 polymerase rabbit polyclonal antibody (A and B) or anti-luciferase rabbit polyclonal antibody (C and D) followed by FITC-conjugated
goat anti-rabbit IgG and finally visualized by fluorescence microscopy. (A) Cells infected with AcCAT7 at a m.o.i. of 100, (B) cells infected with
AcCAG, (C) cells infected with AcCAT7 and transfected with pT7EMCLuc, (D) cells infected with AcCAG and transfected with pT7EMCLuc.
fected with AcCAT7NLS (Fig. 5B) and in HepG2 cells HepG2 cells depicted that luciferase activity was de-
tected at 12 hr posttransfection and peaked at 24 hr butinfected with either AcCAT7 or AcCAT7NLS. Whereas,
no luciferase activity was observed in CPK and Huh7 decreased thereafter (Fig. 5C). Although T7 RNA polymer-
ase was detected in the nuclei of HepG2 cells infectedcells. Immunofluorescence analysis of HepG2 cells in-
fected with AcCAT7 and transfected with pT7EMCLuc with AcCAT7NLS as described above, there was no dif-
ference in expression of luciferase after transfection withexhibited that 20% of the cells expressed luciferase pro-
tein (Fig. 3C). The time course of luciferase synthesis in pT7Luc compared with those infected with AcCAT7.
These results indicate that when the IRES sequence of
EMCV was included the translation process of the T7
transcripts occurred in a cap-independent manner. Alter-
natively, absence of the IRES element in pT7Luc gave
rise to very low or no expression of luciferase even in
the cells expressing T7 polymerase with the nuclear lo-
calization signal. Although omission of transfection of
the plasmids prevented the expression of luciferase, a
considerably high background of luciferase activity was
detected in HeLa, COS7, and CPK cells after transfection
of the plasmids without prior infection of recombinant
baculoviruses. All of the results presented here were
subtracted from the background activity.
Recovery of infectious poliovirus
To investigate the efficiency of the hybrid T7 baculovi-
rus system in directing the transcription of infectious RNA
FIG. 4. Nuclear localization of T7 RNA polymerase expressed by from cDNA clone in mammalian cells, pT7polio carrying
AcCAT7NLS. HepG2 cells were infected with AcCAT7 or AcCAT7NLS an entire cDNA of Sabin strain of type 1 poliovirus under
at a m.o.i. of 100 and harvested at 48 hr postinfection. After nuclei the T7 promoter was employed. Either closed circular or
isolation and purification, nuclear extracts were subjected to in vitro linearized forms of pT7polio was transfected into HeLatranscription analysis. Polymerase activities in the nuclear extracts of
cells previously infected with AcCAT7 or AcCAT7NLS.HepG2 cells infected with the recombinant baculoviruses are ex-
pressed as units of T7 RNA polymerase activity per 1 1 105 cells. Cytopathic effects (CPE) were observed in cells trans-
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FIG. 5. Expression of luciferase in various cells infected with AcCAT7 or AcCAT7NLS after transfection of the reporter plasmids. HepG2, Huh7,
COS7, CPK, and HeLa cells were infected with AcCAT7 (A) or AcCAT7NLS (B) at a m.o.i. of 100 and subsequently transfected with pT7Luc or
pT7EMCLuc. pT7EMCLuc contains 5* UTR of EMCV, T7 promoter, and the luciferase gene, whereas pT7Luc consist of only T7 promoter and the
luciferase gene. (C) A time course of luciferase activity in HepG2 cells. HepG2 cells were infected with AcCAT7 or AcCAT7NLS at a m.o.i. of 100
and then transfected with pT7EMCLuc after 24 hr infection. At various times after transfection, cells were harvested and luciferase activity was
measured. The luciferase activity was measured after 24 hr transfection as described under Materials and Methods. Values are expressed as
relative light unit (RLU) per 2 1 104 cells. The results shown are representative of three independent experiments.
fected with closed circular or linearized pT7polio after 2 size of protein was also observed in cells infected with
the type 1 poliovirus as a positive control. No expressionto 3 days of incubation and completely detached from
the plate after 4– 5 days of transfection. No CPE was of this protein was detected in cells transfected only with
pT7polio without prior infection of AcCAT7 or Ac-observed by omission of infection of the baculoviruses
or transfection of the plasmid. Regardless of the infection CAT7NLS.
Infectivity of poliovirus recovered from the cDNA cloneof AcCAT7 or AcCAT7NLS, infectious poliovirus was re-
covered in cells infected with the recombinant baculovi- was determined by plaque assay on HeLa cells. As
shown in Table 1, a high titer virus was recovered inruses after transfection of pT7polio. To identify the virus
recovered from the cDNA, the supernatants of the cell HeLa cells infected with AcCAT7 or AcCAT7NLS, ranging
from 1 1 107 to 5 1 107 plaque forming units (PFU)/mg.cultures were inoculated into HeLa cells. At 2 days post-
infection, poliovirus protein was detected by Western
blotting using a polyclonal antibody raised against parti- DISCUSSION
cles of type 1 poliovirus Sabin strain (Fig. 6). The results
demonstrated the presence of a 34-kDa protein band The prokaryotic T7 RNA polymerase transcription ma-
chinery was shown to be utilized for transient expressioncorresponding to the VP1 protein of poliovirus in cells
infected with the supernatants of the cells transfected in eukaryotic cells. This was first demonstrated by using
vaccinia virus (Fuerst et al., 1986) and later developedwith closed circular or linearized pT7polio. The same
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TABLE 1to systems comprising the expression of T7 RNA poly-
merase in avian and mammalian cells such as the recom- Recovery of Infectious Poliovirus from cDNA by Hybrid
binant fowlpox virus (Britton et al., 1996). Such systems Baculovirus-T7 Polymerase System
are very useful to study the virus – cell interaction, particu-
Viruses Plasmids Infectious titer alarly when the virus does not have an efficient in vitro
replication system. A recombinant baculovirus express-
AcCAT7NLS Closed circular 5 1 107ing T7 RNA polymerase in insect cells has recently been AcCAT7 Closed circular 1 1 107
constructed and offers an alternative for transient expres- Uninfected Closed circular 0
AcCAT7NLS Linearized 2 1 107sion system (Poelwijk et al., 1995; Polkinghorne and Roy,
AcCAT7 Linearized 1.5 1 1071995). Despite the inability of baculovirus to replicate
Uninfected Linearized 0in mammalian cells, recently a successful baculovirus-
mediated gene transfer into mammalian hepatocytes a PFU
regulated by the CMV or RSV promoters has been re-
ported (Hofman et al., 1995; Boyce and Bucher, 1995). In
this study we described a hybrid baculovirus – T7 RNA be differed in cell types with HepG2 cells being the pref-
erable and more susceptible to baculovirus infection.polymerase (BacT7) system for transient expression in
mammalian cells. However, expression of reporter gene was not hepato-
cyte specific as reported previously (Hoffman et al., 1995;The BacT7 expressed high levels of T7 RNA polymer-
ase in various mammalian cells after infection. It is note- Boyce and Bucher, 1996). The mechanisms of internaliza-
tion of baculovirus into mammalian cells and presenceworthy that the BacT7, in sharp contrast to vaccinia virus,
produced no evident CPE in various mammalian cells of a specific receptor for binding to mammalian cells
remain unknown. The efficacy of translation in differenteven at a high m.o.i. In addition, no morphological
changes were observed and cells continued to grow. cells could be one reason for the discrepancy in expres-
sion level.High expression of T7 RNA polymerase evidently demon-
strated that the BacT7 can serve as an efficient expres- It is known that transcripts made by T7 RNA polymer-
ase are mostly uncapped (Elroy-Stein et al., 1989), re-sion vector in mammalian cells under the control of the
CAG promoter. Depending on the cell types, different sulting in low efficiency of in vivo translation of the tran-
scripts. To improve the translation efficiency of the un-expression levels of T7 RNA polymerase were obtained
even though the same m.o.i. was employed. This indi- capped transcripts, an IRES sequence of picornavirus
was ingeniously employed (Elroy-Stein et al., 1989). Ap-cates that the susceptibility to baculovirus infection may
parently, in the presence of EMCV IRES, the luciferase
activity elevated drastically as shown in Fig. 5. This is
consistent with the results obtained by Elroy-Stein et al.
(1989, 1990), indicating that cap-independent translation
of the T7 transcripts was conferred by the IRES of EMCV.
However, there is a remarkable contrast between the
present results and those reported by Polkinghorne and
Roy (1995) in which EMCV IRES failed to stimulate higher
CAT activity in insect cells. The activity of luciferase var-
ied widely between cell types in our study and this may
contribute to the different efficacy in translation, although
further quantitative analysis of T7 transcripts is needed.
With respect to the low luciferase activity in most of the
cells transfected with pT7Luc, low translation efficiency
FIG. 6. Recovery of infectious poliovirus from cDNA clone by BacT7
of the produced mRNA could be due to the absence ofsystem. Detection of poliovirus protein in HeLa cells inoculated with
cap structure. This is in contrast to the study reportedsupernatants collected from cells transfected with pT7polio. Monolayer
of HeLa cells were first infected with AcCAT7 or AcCAT7NLS and by Poelwijk et al. (1995) on the CAT activity involving the
then transfected with closed circular or linearized form of pT7polio. translation of uncapped mRNA in insect cells.
Supernatants collected at 24-hr intervals were inoculated into HeLa In the vaccinia virus expression system, virus RNA
cells. The presence of poliovirus protein was analyzed by Western
polymerase facilitates capping process of T7 transcriptsblotting using anti-VP1 polyclonal antibody. Lane 1, cells infected with
in cytoplasm, thereby producing, with the presence ofSabin strain of type 1 poliovirus as positive control; lane 2, cells infected
with AcCAT7NLS and transfected with closed circular pT7polio; lane 5* UTR sequence of EMCV, a synergistic effect on the
3, cells infected with AcCAT7NLS and transfected with linearized expression of the target gene (Elroy-Stein et al., 1989).
pT7polio; lane 4, cells infected with AcCAT7 and transfected with In contrast, low expression of reporter gene was ob-
closed circular pT7polio; lane 5, cells infected with AcCAT7 and trans- served in insect cells using the hybrid baculovirus– T7fected with linearized pT7polio; lane 6, cells transfected with linearized
system (Polkinghorne and Roy, 1995). It is known thatpT7polio; lane 7, cells transfected with closed circular pT7polio; lane
8, cells infected with AcCAT7NLS; lane 9, cells infected with AcCAT7. transcription usually occurs in nucleus after transfection
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of an expression plasmid. If the plasmid is transported In the previous study, infectious poliovirus was recov-
to the nucleus, efficient transcription could be achieved ered by transfection of a pBR322 plasmid containing an
in the condition that T7 RNA polymerase is functional in entire coding sequence of poliovirus without any pro-
nucleus. In addition, host cells also provide a nuclear moter (Racaniello and Baltimore, 1981). In this study, the
capping enzyme by which T7 transcripts can be modified baculovirus transfer vector pVL1392 was used for con-
and led to higher translation efficiency (Lieber et al., struction of pT7polio and for obtaining a recombinant
1989). However, in this study no significant increase in baculovirus carrying an entire cDNA clone of poliovirus
luciferase activity was observed even though nuclei ex- under the control of the T7 promoter (AcT7polio). It was
tracted from cells infected with AcCAT7NLS contained believed that higher efficiency in recovering the infec-
enzymatically active T7 RNA polymerase. This might be tious virus could be achieved by coinfection with Ac-
due to the lack of capping activity in nuclei of the cells CAT7NLS and AcT7polio. However, single infection of
used in this study to modify the T7 transcripts. In view of AcT7polio was capable of generating the infectious po-
the efficiency of BacT7 for transient expression of foreign liovirus even in the absence of T7 RNA polymerase (data
gene, the amount of luciferase obtained in Huh7 cells not shown). These spontaneous recoveries of infectious
(33ng/106 cells) was 10 times higher than the CAT pro- poliovirus could be due to the transcription by a cellular
duction in insect cells by Poelwijk et al. (1995). However, RNA polymerase that recognized cryptic promoter(s)
vaccinia T7 expression system studied by Fuerst et al. present in pBR322 or baculovirus DNA. However, both
(1986), Elroy-Stein et al. (1989), and Elroy-Stein and Moss the closed circular and linearized form of pT7polio were
(1990) in mammalian cells and hybrid baculovirus T7 in unable to produce infectious virus in the absence of T7
insect cells by Polkinghorne and Roy (1995) demon- RNA polymerase (Fig. 6 and Table 1). Discrepancy be-
strated higher efficacy of foreign genes expression than tween pT7polio and AcT7polio in production of infectious
BacT7 in this study. virus after introduction into cells might be due to the
To date there are only a few examples of animal and absence of the cryptic promoter(s) in baculovirus se-
plant viruses in which full-length cDNA clones have been quence cloned into the transfer plasmid VL1392.
successfully used for the in vivo production of infectious In the vaccinia– T7 expression system, the major ad-
virus. Poliovirus is one of the positive strand RNA viruses vantage is its extremely broad host range that permits
that could be recovered from cDNA without any promoter foreign gene expression in mammalian and avian cells
(Racaniello and Baltimore, 1981) or placed under control of diverse lineages and species. However, extensive CPE
of the SV40 promoter (Semler et al., 1984). In vitro synthe- caused by vaccinia virus may interfere with the analysis
sis of infectious poliovirus RNA using purified T7 RNA of the expressed target products. In relation to this, a
polymerase has also been extensively studied (Van Der highly attenuated and avian host range-restricted vac-
Werf et al., 1986). In the present paper, the BacT7 system cinia virus known as modified vaccinia Ankara has been
was employed as an alternate strategy to recover poliovi- developed to circumvent the limitations of the vaccinia
rus from cDNA clone. We recovered approximately 107 virus (Wyatt et al., 1995). In the present paper, hybrid
PFU/mg of poliovirus after transfection of poliovirus cDNA baculovirus– T7 system offers a simple and safe tool for
by BacT7 system. High titers of infectious poliovirus were efficient expression of target genes. In addition, the re-
also obtained by using the BacT7 system in HepG2 cells combinant baculovirus was capable of infecting mamma-
(data not shown). It is noticed that virus titer obtained lian cells for the expression of foreign genes without the
was similar regardless of the localization of the T7 RNA concomitant production of infectious baculovirus parti-
polymerase whether in the cytoplasm or in the nucleus, cles. The achievement of BacT7 system in recovering
as poliovirus genome contains its own IRES element for
poliovirus renders the possibility to recover infectious
efficient translation. Since the strain of poliovirus and the
virus from cDNA clones of other RNA virus and facilitatesmethods used for recovery and assaying the infectious
molecular analysis of different aspects of the viral repli-poliovirus in this study were different from other groups,
cative cycle.proper comparison between the BacT7 system could not
be made. However, transfection with cDNA and RNA of
Mahoney strain of type 1 poliovirus (Racaniello and Balti-
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